There is a natural protein form, insoluble and resistant to proteolysis, adopted by many proteins independently of their amino acid sequences via specific misfoldingaggregation process. This dynamic process occurs in parallel with or as an alternative to physiologic folding, generating toxic protein aggregates that are deposited and accumulated in various organs and tissues. These proteinaceous deposits typically represent bundles of β-sheet-enriched fibrillar species known as the amyloid fibrils that are responsible for serious pathological conditions, including but not limited to neurodegenerative diseases, grouped under the term amyloidoses. The proteins that might adopt this fibrillar conformation are some globular proteins and natively unfolded (or intrinsically disordered) proteins. Our work shows that intrinsically disordered and intrinsically ordered proteins can be reliably identified, discriminated, and differentiated by analyzing their polarity profiles generated using a computational tool known as the polarity index method 
INTRODUCTION
The amyloidoses are a large group of protein conformational diseases in which pathological intracellular or extracellular protein aggregation takes place largely because of the protein misfolding events leading to specific partially folded species with a strong propensity to acquire more than one conformation. Although certain group of proteins, known as natively unfolded or intrinsically disordered proteins, require a high degree of structural "disorder" or structural plasticity in their native state to favor interactions with specific ligands (Dunker et al., 2001; Uversky et al., 2000; Uversky, 2013; Wright & Dyson, 1999) , they also poses a delicate balance in which the hazy border between risky selfaggregation and sophisticated function is easily crossed (Uversky et al., 2008a; Uversky, 2009a; . In contrast to the classic notion that foldable proteins require well-defined globular structure to be functional, genomic and proteomic analyses revealed that functional proteins without unique 3D structure are common, and the abundance of these proteins correlates directly with the complexity of organisms, with this property being present in at least 2% of archaeal, 4% of eubacterial, and 33% of eukaryotic proteins (Hansen et al., 2006; Uversky, 2010b; Xue et al., 2010; Xue et al., 2010a; Xue et al., 2012) . Therefore, protein intrinsic disorder can be considered as an evolutionarily conserved phenomenon, which is related to some important biological functions. In fact, this structural property provides significant functional advantages, as the intrinsically disordered regions may enable enhanced rates of self-assembly processes of viruses and bacterial groups, and play a regulatory role in adding new components in the process of cell growth. Many different types of proteins have been recognized as the causative agents of amyloid diseases, despite having wide and heterogeneous structures and functions, all of them generate morphologically similar amyloid fibrils (Uversky & Fink, 2004; Xing & Higuchi, 2002) . The amyloid fibrils are insoluble, rigid and measuring on average 7.5 to 10 μm in length, and can be derived from specific amyloidogenic regions located within globular proteins, unstructured peptides (Uversky et al., 2008) , intrinsically disordered proteins, and mostly unfolded fragments of foldable proteins.
In humans, some proteins such as apolipoproteins I and II, are classified as amyloidogenic proteins. Apolipoproteins require a high degree of structural disorder or plasticity to fulfill their biologic function and at the same time to avoid aggregation. For example, lipid-free apolipoprotein behaves as an intrinsically disordered protein but folds to a more ordered structure when lipids are taken up (Andreola et al., 2006) . In amyloidoses, multimodal external factors (such as pH, oxidation, toxicants, temperature, etc.) converge independently or simultaneously to destabilize the 3D structure of an ordered protein or affect the conformational ensemble of intrinsically disordered proteins to induce a transition from the native (folded or intrinsically disordered) to partially structured form allowing alternative spatial arrangements of the same polypeptide. However, besides these external features, there are several intrinsic factors that play a role in protein structural stability, with strategically distributed charged residues known to act as efficient modulators of the aggregation process by providing repulsive forces that guard against a pathological conformation (Chiti et al., 1999) .
The risk of unwanted protein aggregation, which poses toxic threats to the cells, is minimized by naturally selected sequences of globular proteins that confer the properties of high stability and fast folding kinetics, both of which minimize the concentration of easily aggregating, partially folded proteins. However, despite the evolutionary controlled protection against unwanted aggregation, the misfolded proteins with pathogenic potential can be formed in different ways, e.g. there are proteins that have an intrinsic propensity to assume a pathological conformation (e.g., transthyretin in senile amyloidosis), others acquire pathological conformation when their concentration exceeds a specific threshold (e.g., β2 microglobulin in chronic amyloidosis), or by a replacement in the amino acid sequence of a protein (hereditary amyloidoses), or by a proteolytic degradation of the precursor protein, as is the case of the β-amyloid precursor protein (APP) in Alzheimer's disease.
It is in this scenario that the present work introduces the use of a Quantitative Structure Activity Relationship (QSAR) method called Polarity index (Polanco & Samaniego, 2009; Polanco et al., 2012; 2013a; 2014; 2014a; 2014b; 2014c; 2014d) , which from reading the linear sequence of the peptide, identifies whether or not a peptide belongs to any of the next groups: natively unfolded proteins, folded proteins, and amyloidogenic proteins. It also allows to study the relationship of these proteins with neuronal proteins, both human and non-human. The method analyzes comprehensively, the static and dynamic aspect of the peptide, under consideration of a single physico-chemical property of a polypeptide: its polarity. This can be a competitive advantage if we consider other methods, such as CATH: Protein Structure (Sillitoe et al., 2013) , and PSIPRED: Protein Sequence Analysis Workbench (McGuffin et al., 2000) , which are a combination of prediction algorithms: structural comparison (Redfern et al., 2007) and hidden-Markov model (HMM)-based methods (Sillitoe et al., 2005) .
The mathematical-computational method has been previously used for the identification of the antimicrobial peptides (Izadpanah & Gallo, 2005) from the Antimicrobial peptide database (APD2), the antiviral peptides (Real et al., 2004) from the AVPpred database, and the set of cell penetrating peptides from the CPPsite database. The algorithm presented here is based on measuring only the polarity or electronegativity of a peptide, being understood by this measure, the construction of an incidence matrix of polar interactions in the peptide from its linear sequence (Polanco & Samaniego, 2009; Polanco et al., 2012; 2013a; 2014; 2014a; 2014b; 2014c; 2014d) . To achieve this, the method considers 20 amino acids classified in four polarity groups, P+, P-, N, and NP (which stay for polar positively charged, polar negatively charged, polar neutral, and non-polar), and counts for the impact of the interactions between the two amino acids. The computational tool here presented, reads the linear sequence of a peptide from Nterminus to C-terminus (not from C-terminus to N-terminus, because the incidences matrix would be different, see Methods and Materials section), moving one amino acid to the right at a time, and records these incidents in a matrix where the rows and columns correspond to the four polar groups. This generates a profile, which so far was proven to be an effective discriminant to identify proteins and peptides with strong pathogenic action. The following groups of proteins were studied in this work: natively unfolded and folded proteins from Oldfield et al. (Table 6 ), proteins of human neurons from the Uniprot database (Table 6 ), non-human neuronal proteins from the Uniprot database (Table 6) , and amyloidogenic proteins from the AmyPDB database (Table 6 ). These sets were selected with the intention of finding any structural polarity-based differences, between the proteins that are expressed in neurons and those that are actively involved in amyloidosis. For this reason the classification included proteins that are expressed in neurons of various organisms and proteins expressed only in human neurons. In addition, the discriminative efficiency of this approach was evaluated ( Table 7) by showing that the proposed computational tool can efficiently classify almost all antibacterial peptides located in the APD2 database, the antiviral peptides from the AVPpred database, the set of 30 selective antibacterial peptides from del Rio et al. (2001) , the cell penetrating peptides type: non-endocytic, endocytic, and unknown pathway, from the CPPsite database, and the proteins that are expressed in human neurons, and in non-human neurons from the UniProt database.
METHODS AND MATERIALS
Polarity index method was previously published by this group (patent-pending) (Polanco & Samaniego, 2009; Polanco et al., 2012; 2013a; 2014; 2014a; 2014b; 2014c; 2014d) . However, in order to identify proteins associated with amyloidosis, the following modifications were made to the program. For this purpose, the classification of Timberlake (Timberlake, 1992) was used, which is the simplest known approach, classifying the amino acids as: acidic-polar P-= {D, E}, basic-polar P+ = {H, K, R}, non-polar NP = {A, F, I, L, M, P, V, W}, and neutral-polar N = {C, G, N, Q, S, T, Y}. Notice that the amino acid G has been considered in the neutral-polar group. We adopted this classification for being a general classification and much oriented towards the polar profile. We do not opt for the Koolman & Rohm classification, because they subdivide the four groups, to get seven subgroups (Koolman & Rohm, 1996) . We also did not use other classifications (Devlin, 1992) .
Previous versions of the method were published (Polanco & Samaniego, 2009; Polanco et al., 2012; 2013a; 2014; 2014a; 2014b; 2014c; 2014d) , but here we consolidated an improved version that outperforms previous work, for that reason, Section "Example" introduces an example as the basis of the full method explanation presented in section "Polarity Index MethodModifications".
Example
Here we provide a detailed description of an illustrative example showing how the main action of a peptide/protein is identified. To find out if the protein described by sequence MSDAAVDTSSEITTKDLKEKKEVVEEAEN-GRDAPANGNAENEENGEQEADNEVDEEEEEG-GEEEEEEEEGDGEEEDGDEDEEAESATGKRAAE-DDDDDVDTKKQKTDEDD (see Appendix A, #1: Eschenfeldt & Berger, 1986) belongs to the category of natively unfolded proteins, according to polarity index method, it is necessary to follow the next steps:
1. Convert the above sequence to its numeric equivalent according to the following rule of equivalence: The amino acids: H, K, and R are replaced by the number "1"; the amino acids: D, and E are replaced by number "2"; the amino acids: C, G, N, Q, S, T, and Y are replaced by number "3"; finally the amino acids: A, F, I, L, M, P, V, and W are replaced by number "4". Note that the four numerical equivalents {1, 2, 3, and 4} correspond to the four polar groups: [P+] , [P-] , [N] , and [NP] , listed in the same order. The numeric equivalence of the aforementioned sequence is: 43244423332433124 12112442242331244433342322332324232422222233222 22222323222232222242343311442222222423113132222.
2. Read the resulting numerical sequence, from Nterminus to C-terminus, moving one position at a time.
Each pair is considered as an element (i,j) of matrix Q[i,j]. For this example, the first pair is (i,j) = (4,3), the second pair will be (i,j) = (3,2), and so on until the last pair (i,j) = (2,2) is reached. Note that the pairs (i,j) correspond to a square matrix of order 4, that we named matrix Q[i,j], and where element i represents the row, and j the column of matrix Q[i,j]. Note that, if the reading order had been changed, i.e. from N-terminus to Cterminus, the matrix Q[i,j] would have been different. 3. Count the incidents of every (i,j) pair in matrix Q[i,j]. In this way matrix Q[i,j] represents the incidents of the numerical sequence in study. Note that pair (i,j) = (1,1), will have at the end the value of 3, and pair (i,j) = (2,3) will have the value of 12 (matrix not shown).
4. Repeat steps 2 and 3 but instead of taking only the sequence studied, take the group of peptides/proteins with the characteristics searched of interest and express the incidents in a matrix called P[i,j], this time to identify the natively unfolded protein group. As this group is formed by 51 proteins (Appendix A), once it finishes counting the incidents in the first peptide/protein it will carry on counting the incidents in the next peptide/ protein until completing the group.
5. Normalize to unity matrices Q[i,j] (matrix peptide in study, matrix not shown), and P[i,j] (data training, Table 1 {6, 7, 10, 8, 11, 14, 16, 9, 15, 2, 1, 12, 3, 13, 5, 4} . Note that we obtain n vectors, where n is the number of peptides in study.
7. Compare the vector with rules in Table 2 . For this example, all the rules are accepted, and therefore this protein is considered as a natively unfolded protein candidate. Table 3 corresponding to the set of natively folded proteins (steps 2-3), and P[i,j] from Table 5 corresponding to the set of amyloidogenic proteins (steps 2-3), the method will find that it is not accepted in neither of these two groups of proteins.
Polarity Index Method-Modifications
The polarity index method (Polanco & Samaniego, 2009; Polanco et al., 2012; 2013a; 2014; 2014a; 2014b; 2014c; 2014d) , essentially extracts a polarity profile, in the most comprehensive form that we think is possible, from a linear sequence of the peptide/protein, where a count of 16 possible polar interactions is carried out based on the 20 amino acids classified in 4 polarity groups. This count is done by reading pair incidents of amino acids that are observed when slicing the query sequence from N-terminus to C-terminus.
Here we describe the modifications to the original polarity index method (Polanco & Samaniego, 2009; Polanco et al., 2012; 2013a; 2014; 2014a; 2014b; 2014c; 2014d) , to identify natively unfolded proteins (identified in red color), natively folded proteins (identified in blue color), and amyloidogenic proteins (identified in green color).
(A) Natively unfolded proteins Building matrix P[i,j] with the entire protein set of natively unfolded proteins. When polarity matrix P[i,j] was concluded, it was normalized to unity (Table 1) , and the matrix Q[i,j] contained the profile of incidents for each sequence under study (Table 7) . Polarity index method qualified as the natively unfolded proteins candidates, those proteins in vector (Q[i,j] + P[i,j]) that complied with the following rules expressed in Table 2 .
(B) Natively folded proteins Building matrix P[i,j] with the entire protein set of natively folded proteins. When polarity matrix P[i,j] was completed, it was normalized to unity (Table 3) , and the matrix Q[i,j] contained the profile of incidents for each sequence under study (Table 7) .
Polarity index method qualified as the natively folded proteins candidate, those proteins in the vector (Q[i,j] + P[i,j]) that complied with the rules in Table 4 .
(C) Amyloidogenic proteins
Building matrix P[i,j] with the entire protein set of amyloidogenic proteins. When polarity matrix P[i,j] was completed, it was normalized to unity (Table 5) , and the resulting matrix Q[i,j] contained the profile of incidents for the sequence under study (Table 7) . Polarity index method qualified as the amyloidogenic protein candidates, those proteins in the vector (Q[i,j] + P[i,j]) that complied with the rules in Table 6 .
Trial Data Preparation
A comprehensive and differentiated set of peptides and proteins was designed to test the groups studied (Table 7) . Each group was classified for its multiple or unique action (entry # 1, Table 7 ). In the remaining cases (entries # 2-7, Table 7 ), we checked the experimental qualifications given in each database.
Linear matches
All the proteins and peptides listed in the databases described above (see Section 2.3) were used to find some peculiar amino acid patterns in their sequences. By means of a data mining algorithm based on graphs named Subdue system, (Cook & Holder, 1994; Kukluk et al., 2007; You et al., 2006) , we searched for matches of dipeptides, tripeptides, and so on, up to stretches of ten amino acids in length.
Test Plan
The discriminative efficiency of the polarity index method is determined from calculating two factors: (i) the percentage of success in the identification of the target group, and (ii) the percentage of mistakes in the identification of the other groups. In this sense, the method must be efficient in identifying the target group and simultaneously rejecting those candidates which are not part of this target group.
Graphics
The polarity matrices of each group studied (Tables 1,  and 3), expressed in relative frequency distribution, are interpreted in terms of smoothed curves. Graphs presented in Figs. 1 and 2 can be compared evaluating only two states:
Profiles are considered similar when all their concavities, turning points and points of maximum and minimum match for the 16 polar interactions.
Profiles are considered as dissimilar when the compared curves do not match and differ from each other in their concavities, inflection points and points of maximum or minimum for the 16 possible interactions.
It is important to emphasize that the comparison of these three groups is interpreted with smoothed curves and not with histograms, as the purpose is only to identify their concavities and the maximum or minimum inflection points in the 16 possible interactions (Section "Natively folded proteins"). These graphs provide better and more understandable information on the role of polarity as the main profile to identify the key function of a peptide or protein. The polar interactions (X-axis, Figs. 1 and 2) indeed form a discrete set, the only dense set is the group of real numbers, however, the level of discretization in the X-axis set can be considered a continuum as there are no intermediate elements, so the relation between polar interactions (X-axis) and their relative frequency can be expressed with a smoothed curve. 2 CPPsite 520 cell penetrating peptides were classified from the database by their uptake mechanism of which 22 peptides exhibited an endocytic pathway, 93 a non-endocytic pathway, and 405 an unknown pathway. The database presents a record of amino acids with lowercase letters, some inconsistency in the legends of the uptake mechanism, and sometimes duplicated sequences. All inconsistencies were handled as unknown pathway and did not represent more than 7% of the total records from the database accessed on March 11, 2013. (2012) we took 60 validated and experimental peptides from 1245 antiviral peptides. Those peptides were evaluated with 25 physico-chemical properties (Thakur et al., 2012) , from the database accessed on March 11, 2013.
Thakur et al., 2012
Description of peptides and proteins used to verify the efficiency of the polarity index method.
Polarity matrix
It is worth mentioning that the square matrix P[i,j] is neither symmetric nor skew-symmetric. A previous work on the characterization of SCAAP evidenced this fact (Polanco & Samaniego, 2009; Polanco et al., 2012; 2013a; 2014; 2014a; 2014b; 2014c; 2014d) , and a similar work using the elements of this matrix related to the formation of copolymers can be found in .
Rules Polarity index method
The rules in Tables 2, 4 (Table 7) . Non human neuronal proteins: Set of sequences expressed in neurons located in all living organisms, excluding human beings (Table 7) . Natively folded proteins: Set of natively folded proteins (Table 7) . Matches found by Polarity Index method for natively unfolded proteins in both unique and multiple action peptide groups. Unique action: Peptides with pathogenic action against only one group. Multiple action: Peptides with pathogenic action against two or more groups. (%): Percentage hits/total peptides. Database: Sets described in Table 7 .
(or lack of them) in each of the 16 possible polar interactions for each of the 16 positions. As a result the number of possible options is much less than 2 16 in all cases.
Statistical tests
The purpose of the statistical tests is to verify if the position of the inflection points is a bias for the groups of the Figs. 1 and 2 , for that the test considers the matrices P[i,j] of the groups compared graphically in those figures. The variable being evaluated is the position of the inflection points. The statistical test used is the Kolmogorov-Smirnov test (Siegel, 1970) with α = 0.01.
RESULTS
The application of the polarity index method to identify the target protein groups described in the Methods and Materials section included the verification of its discriminant ability and the graph similarity analysis (Section "Linear matches"), showing the following efficiency results: (Table 7) . Natively unfolded proteins: Set of natively unfolded proteins extracted from Oldfield et al. (Table 7) , and Amyloidogenic proteins extracted from Pawlicki et al. (Table 7 ).
The group of natively unfolded proteins (73%, Table 8); the group of natively folded proteins (70% , Table  9 ), and the group of amyloidogenic proteins (74% , Table  10 ). For these three groups the method also showed an efficiency of 72% discriminating false positives (Tables  8-10 ).
The polarity profiles of the protein groups: (i) human neuronal proteins, (ii) non-human neuronal proteins, (iii) neuronal proteins, and (iv) natively folded proteins (Fig. 1) , show entire coincidence in its points of maximum, minimum and points of inflection, with the exception of interactions 8 and 9, where the natively folded proteins do not coincide with the other three groups. However, these four groups show a different profile with respect to the group of natively unfolded proteins, and amyloidogenic proteins. This is illustrated by Fig. 2 which compares the polarity profiles of natively unfolded, natively folded, and amyloidogenic proteins, showing that these profiles are dissimilar, since their points of inflection and maximum/minimum are not coincidental in any of the 16 polar interactions, for the three groups of proteins (Fig. 2) . Amyloidogenic proteins identified by polarity index method from the AmyPDB database (Pawlicki et al., 2008) . PUBMED: National Center for Biotechnology Information, U.S. National Library of Medicine http://blast.ncbi.nlm.nih.gov/ in database: Swiss-Prot (swissprot), accessed March 11, 2014. AmyPDB database: Identification in AmyPDB database (Table 6) Table 7 .
Only one of the 15 amyloidogenic proteins is not associated with the other two groups (see Table 10 , item 7).
The data mining analysis (see Section "Linear matches") did not provide any reliable pattern on the linear sequences of peptides and proteins. In all cases the patterns found in a particular group of peptides were also repeated in the other groups.
Assuming that the statistical test used and the extent of the samples are appropriate, we show that the similarity in the three groups compared in Fig. 1 correlates with the position of the occurrence of the inflection points, and that the lack of similarity between the three groups in Fig. 2 is also verified in the statistical test.
DISCUSSION
In the past few years, advances in molecular biology, proteomics and bionformatics have combined to improve our understanding of the amyloidoses as a conformational disease. Isolation of the protein components of natural amyloids and the chemical characterization of these components are indispensable investigative tools, because modern classification of amyloidosis is based on the nature of the precursor of the protein that form the fibrillar deposits. Although these proteins are unrelated and diverse, all produce amyloid deposits with a common cross-β structure and similar fibrillar morphology. The number of recognized amyloidogenic proteins is ever expanding, and there are more than 30 amyloid proteins in the AmyPDB database (June 06, 2014) (Pawlicki et al., 2008) . These proteins have the capacity to acquire more than one spatial conformation and have been recognized as the causative agents of various amyloid diseases, posing increasing clinical difficulties in formulating a correct diagnosis, appropriate treatment, asses prognosis and offer genetic counsel when appropriate.
In this study, polarity index method has shown to be an effective discriminant in the identification of intrinsically disordered (natively unfolded), natively folded, amyloidogenic and neuronal proteins. Therefore, we think that the method can have the following applications: (i) to automate the subsystem that extracts the "template" of the group of proteins/peptides in training, becoming a self-learning algorithm; (ii) to establish a website to enable any user to test any group of proteins and peptides in FASTA format, and (iii) to enable the method to be executed under parallel computing, to explore the total combinatorial divergence of proteins/peptides of a certain length, (20 n , where n < 13 is the maximum length of the peptide or protein), this will allow to scale this method toward understanding "shortcuts" that nature "found" in the construction of functional proteins and peptides.
An important issue is to understand the reasons behind the effectiveness of polarity, the simple physicochemical property, to differentiate proteins in different structural groups. The two graphs included in this work point out a high correlation between the polar profile of the studied groups and the localization and concavity around the inflection points. If the matrices used here were symmetric, some of these points will surely be catastrophic bifurcation points. However, the matrices are not symmetric, at least not under this four polar group classification. This is a subject this team is currently working on, apart from exploring the construction of an incidence matrix based on seven polarity groups (Koolman & Rohm, 1996) .
CONCLUSIONS
The discriminative efficiency of the polarity index method aimed at the identification of natively unfolded, natively folded, and amyloidogenic proteins, makes it a useful computational tool as a first filter in the analysis of these protein groups, effectively reducing the number of experimental tests in laboratory. The method also allows the identification of other protein groups, such as the human neuronal proteins by their polar profile, opening the possibility to differentiate human neurons by their proteins.
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